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The advent of electronic switching has necessitated a considerable number

of changes in the circuit design philosophy employed in the electromechani-

cal switching art. The invention of the transistor and the refinement of other

semiconductor devices have made possible new techniques. This paper dis-

cusses the philosophy of circuit design for the central control of an electronic

switching system. Primary emphasis in the designs has been low cost con-

sistent with good margins, reliability and the meeting of systems require-

ments.

I. INTRODUCTION

The proper selection of semiconductor switching circuits to be em-

ployed in electronic switching systems is influenced by a large number

of different factors. Some of these are the result of systems philosophy/

while others are concerned with device availability, required reliability,

economy and ease of design, manufacture and maintenance, etc. We do

not propose to go through an exhaustive design analysis of the circuits

described herein, but we shall present the techniques which were de-

veloped.

The particular experimental electronic switching system of interest

here operates with a stored program in real time and in a generally

synchronous serial mode, utilizing direct-coupled (dc) logic. The largest

concentration of semiconductor circuitry is in the central control of the

system, which is the data and information processing center of the tele-

phone central office. It is with the circuits in the central control that this

paper is mainly concerned.

In most present-day electromechanical switching systems many op-

erations take place in parallel, due to the speed limitations of relay cir-

cuits. Electronic switching systems also can be built using the parallel
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building block approach, but significant savings in quantities of appara-

tus are possible if serial operation is employed. The serial mode, how-

ever, makes it necessary for the processing equipment to operate at

much higher speeds. In fact, for the particular electronic system under

consideration, it is necessary for a program order to be executed in a few

microseconds if the office is to handle the telephone traffic properly.

Although most parts of the electronic switching system operate in a

serial mode, the central control itself operates in a parallel mode. The

speed limitations of available semiconductor devices and circuits are a

contributing factor to this choice. However, the program order structure,

the manner in which information is stored in the system and the way in

which the central control affects the operation of the other major system

blocks in the office are of even greater importance in the selection of the

parallel mode. It should be noted, however, that in receiving address

words from the barrier grid store some serial-to-parallel conversion

equipment is required, since this memory furnishes information only one

bit at a time.

The central control operates in a generally synchronous manner, using

a single-phase clock having a frequency of several hundred kilocycles.

However, the synchronous circuit actions are controlled by some asyn-

chronous logic circuits which can stop the clock when certain delays are

encountered in system functions, and then restart it. After the clock has

been restarted, it runs at a constant rate. The design of synchronous

circuits is somewhat more economical in equipment and lends itself

more readily to the automatic checking features employed in this system.

The logic circuitry of the central control is direct-coupled (dc), that

is, signals are represented by steady-state voltages. Two levels are em-

ployed, one representing a binary 1 and the other a binary 0. The memory
elements used are flip-flops with double-rail output signals to drive the

logic circuits. A double-rail output is one in which both the logical 1

and conditions are represented by active signals on separate leads.

Only one of the two leads, however, has an active signal at any time.

The use of dc circuitry avoids a design problem implicit in ac circuitry.

In order to obtain the AND function in an ac system, precise coincidence

is required of pulses applied to an AND gate. Since delays are encoun-

tered as a pulse progresses through the logic, the design of circuits which

will cause all pulses to be propagated to the right place at the right time

can be quite complex. In order to make signals coincide exactly in time,

extensive use of precision delay apparatus and multiphase clocks is gen-

erally required. The ac system also lacks a certain amount of flexibility,

since the addition of any function generally requires the overhauling of
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other sections of the logic in order to maintain the proper signal coordina-

tion. With dc circuits, on the other hand, unequal chains of logic may
exist with no particular problems. Since both flexibility and economy

are of importance in an electronic switching system, the dc mode was

chosen.

To a major degree, the advent of electronic switching was made possi-

ble by the invention of the transistor and the refinement of other semi-

conductor devices. The required logical functions are highly complex and

necessitate thousands of active devices in the central control. Before the

development of the transistor, hot-cathode vacuum tubes were the only

available active elements for use in high-speed switching systems. The
inherently high-power-consuming vacuum tubes require relatively high-

cost circuits for adequate reliability, and this makes the vacuum tube

unsuitable for large-scale electronic switching applications. However,

semiconductor devices of moderate cost have the high reliability, high

speed and low power consumption required for large-quantity use in

such systems. It is believed, from the evidence so far available, that the

reliability of the transistor and semiconductor diode will be orders of

magnitude better than that of vacuum tubes performing comparable

functions.

After deciding upon the use of semiconductor devices and synchronous

dc circuitry in the central control, several other general decisions remain

to be made. It is possible, if one is not concerned with the amount of

equipment involved, to reduce all information-processing circuits to two

tandem stages, an AND and an OR. However, two-stage logic is gen-

erally nonminimal. The use of multistage logic results in a reduction in

the equipment needed for simple circuits and in even greater savings in

complex circuits. However, a longer time is required for the logic opera-

tion, since information is passed through more stages and the delay

time of the signals will increase with the number of stages. Greater at-

tenuation of the signals also will occur. Therefore, in multistage logic

an economic balance must be achieved between equipment savings and

the cost of additional time. This balance limits the minimization of the

logic circuits.

Another approach which leads to a less costly design, although perhaps

to more circuit elements, is the development of universal circuit pack-

ages. The use of such universal packages in the central control is made
possible by distributing amplification throughout the logic. These sub-

jects are more fully covered in Sections III and IV.

The use of these packages has allowed a separation between logical

and circuit design. The building blocks can be treated as black boxes by
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following a few simple interconnection rules, thus considerably reduc-

ing the over-all design time. The circuits have also been designed to be

consistent with marginal and diagnostic testing techniques developed

for the system.

II. SEMICONDUCTOR DEVICES

Transistors and semiconductor computer diodes were specifically de-

veloped for this electronic switching system. While the central control

is the major user of these devices, they are also employed in large numbers

in other portions of the system, such as the switching network and

scanner. In order to develop units of high reliability and to obtain the

economic benefits of high-level production, it was felt necessary to mini-

mize the number of designs and codes for the system. Therefore, the

device characterizations represent a compromise among all possible uses

in the system and, as such, are not necessarily the best for any individual

application. The over-all benefits obtained from a smaller number of

codes, however, more than compensate for this disadvantage.

The transistors employed in this electronic switching system are a

complementary pair — an n-p-n and a p-n-p designed for medium power

and relatively high-speed switching applications. The transistors are

capable of dissipating 450 milliwatts in free air at 25°C without the

use of an external heat sink. In general, the logic circuits use the tran-

Fig. 1 — Germanium alloy junction transistor for electronic switching system
central control.



SEMICONDUCTOR CENTRAL CONTROL OF ESS 1129

Table I— Transistor Characteristics

Limits

Parameter

n-p-n Transistor p-n-p Transistor

Collector breakdown voltage 30 volts min. 30 volts min.

Emitter breakdown voltage 25 volts min. 25 volts min.

lco at 15 volts (25°C) 35 ma max. 15 pa max.
Punch-through voltage 25 volts min. 25 volts min.

Common emitter current gain

Ic = 25 ma; V c = 1 volt dc 50 min. 50 min.

I c = 150 ma dc; Ve = 1 volt dc 25 min. 25 min.

Collector capacitance at 4.5 volts 45 nni max. 45 nni max.
Inverse gain bandwidth (IGB) 0.25 Aisec/cycle 0.25 //sec/cycle

max. max.
Power dissipation, free air 25°C am- 450 mw 450 mw

bient

sistors well below their power rating in order to obtain .satisfactory sys-

tem reliability. Fig. 1 is a photograph of the transistor, and Table I lists

its important electrical characteristics, for both n-p-n and p-n-p.

These characteristics are self-explanatory except for inverse gain

bandwidth (IGB). This is a measure of switching speed and is related to

the normal fa measurement for transmission applications. The main

difference between the transmission and switching fields lies in the con-

ditions of operation. In the transmission field (for other than power

amplifier applications) a bias point is chosen and small excursions are

made around this point. In the switching field, the whole operating re-

gion is traversed, and the effective values of the parameters are obtained

by integration over this region. Although the parameter a„w„ , the

gain-bandwidth product of the transistor, is useful in both fields, in

transmission this parameter is a function of the chosen bias point, while

in switching this parameter is a weighted average taken over the whole
range of bias points traversed, and properly should be labeled a nw B •

A corresponding method of measurement must be chosen, such as

putting the transistor in a standard switching circuit and arranging to

measure a nu n . One way this can be done is to compare the output wave-

form in a sufficiently low-impedance circuit with a waveform derived

from a simple RC integrating circuit. The low-impedance circuit elim-

inates effects of collector capacitance; the use of the same voltage supply

cancels the effect of voltage variations.

It can be shown that the quantity anun is inversely proportional to

the RC product if the initial slopes of the rise portions of the pulses at

the outputs of the transistor and RC circuits are matched. In the actual

measuring apparatus, a further factor of 2r has been introduced and
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i"

Fig. 2 — Germanium point-contact diode for electronic switching system cen-
tral control.

the quantity \/anfa is read directly. This is called the inverse gain-

bandwidth product or IGB and is measured in microseconds per cycle.

Where a„ ~ 1, as it is for these transistors, IGB is approximately equal

to l/fa . Therefore, the upper limit of IGB, 0.25 microsecond per cycle,

roughly corresponds to an average /„ over the active region of 4 mc
minimum.

Two codes of semiconductor computer diodes have been developed for

the logic and switching circuits. Both are glass-enclosed, hermetically

sealed, point-contact germanium diodes (Fig. 2). One of these units has

a higher forward conductance and is used in AND gates, where the series

voltage drop is of more importance. The other diode has better reverse

characteristics and is used in OR gate applications, where the effect of

leakage currents has a greater effect on circuit operation. Both diodes

have maximum ratings of 100 ma steady-state (dc) forward current with

a peak surge-current limit of 500 ma. The maximum inverse working

voltage is 100 volts. Maximum power dissipation at an ambient tempera-

ture of 25° C is 200 mw, with a derating factor of 3 mw per degree C
for ambient temperatures above 25°C The other relevant characteristics

of these diodes are given hi Table II.

III. TYPES OF SEMICONDUCTOR LOGIC CIRCUITS

There are two general requirements which must be placed on a logic

gate. The first is that the state of the output of the gate must depend in
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Table II — Diode Characteristics

Electrical Requirements at 25°C Code 1 Code 2

Max. forward voltage drop at 20 ma
Max. reverse current at —5 volts

Max. reverse recovery time
Max. inverse voltage

1.5 volts

2.2 ua
0.06 Msec.

100 volts

1.2 volts
4.5 /ia

0.06 /isec.

100 volts

some logical sense on the states of the inputs. The second is that each of

the inputs must remain free to change state independently of the states

of the other inputs, i.e., the logic gate must maintain isolation between

the inputs.

It is convenient to classify the various methods of constructing physi-

cal embodiments of logic gates in terms of the devices used to obtain the

isolation of inputs. These devices constitute a very large percentage of

the equipment required for a logic system, since at least one device is

required per input. There are two common methods of obtaining this

isolation in semiconductor logic circuits, one using diodes and the other

using transistors. These are referred to as diode logic and transistor logic

circuits.

Diode logic circuits have been chosen for use in the central control.

This decision was reached because semiconductor diodes at the present

time are considerably less expensive than transistors, are capable of

operating at higher speeds, and have achieved better reliability. The use

of transistors in the central control has been restricted to amplification

and memory functions, so that approximately seven times as many

diodes as transistors are used.

iv. diode gates

Two-input conventional diode AND and OR gates are illustrated in

Fig. 3. Additional inputs could, of course, be added. The logical function

performed by each of these circuits depends on whether the high signal

voltage (Vi) or the low signal voltage (F ) is considered to be the active,

v+!

>Ra

J

(a!

v+ --

v,—

-

——

w

—n-

(b) v-

Kig. 3 — Conventional diode gates: (a) ANT) gate; (l») OR gate.
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or 1 condition. These conventions are referred to as "positive" logic and

"negative" logic respectively. In the central control, positive logic is

used, i.e., the higher voltage condition is considered the 1 state. It is

obvious that, if this convention is adopted, the circuit in Fig. 3(a) per-

forms an AND function, since the output will be clamped to the lowest

input voltage and, hence, a coincidence of high signals is necessary at the

inputs to give a high signal at the output. The circuit in Fig. 3(b) can

be seen to perform an OR function, since the output voltage will be high

if any input voltage is high. Note that the inputs in both circuits can be

at either level, independent of the states of the other inputs, because of

the nonlinear characteristics of the diodes.

For reasons of economy, the central control uses multistage logic, i.e.,

many gates occur in tandem between the input and output of the system.

Furthermore, the complicated logical functions to be performed often

make it necessary for a gate to drive several other gates in parallel. This

"branching" is commonly referred to as "fanout." As will be seen below,

these features of the central control greatly complicate the use of diode

gates.

A diode gate in a multistage logic circuit normally has its inputs driven

by gates and its output used to drive a load consisting of other diode

gates. In order to provide the desired output voltage and current levels

when a gate is activated, it is necessary to select a resistor which will be

the correct value for the particular load impedance which this gate must

drive. In complex circuits such as the central control the selection of the

proper resistor for each gate becomes a very complicated procedure.

Also, many different types of gate designs are usually necessary.2 This

means that many different types of packages must be manufactured and

many varieties of spare packages must be kept on hand for adequate

maintenance. In addition, a single change may require redesign of sub-

stantial parts of the logic. Thus, such a system is difficult to design and

has serious economic disadvantages.

Another factor makes the use of a multistage diode logic system unde-

sirable. Since diode gates contain only passive elements, the logic signal

is attenuated as it proceeds through tandem stages. To minimize this

attenuation and to account for the signal power lost due to fanout, the

impedance levels of the stages must be increased in successive stages.

Thus, the problems of signal crosstalk and loss of high-frequency re-

sponse due to stray wiring capacitance will increase in the later stages

and can seriously limit the operating speeds of the system.

The use of transistor amplifiers in conjunction with the diode gates

alleviates many of these problems. Such amplifiers are used in the central

control and make possible the use of standard gates (gates whose resistor
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values need not be tailored to the application) to construct relatively

low-impedance, high-fanout, multistage logic circuits.

Amplification can he inserted into the logic chains at various points.

It is possible to provide amplifiers either for each logic stage or only at

other selected locations. In the central control, amplifiers are provided

after every OR gate. In this particular system, many more AND gates

than OR gates are required and thus fewer amplifiers are necessary if

they are associated with OR gates. The use of amplifiers with every OR
gate, rather than only in selected spots, makes possible the design of

very flexible diode gates, as will be described below. This choice of ampli-

fier location results in two stages of logic (one AND-OR cycle) between

amplifiers, although several AND gates can be used in series, as can sev-

eral OR gates.

The electronic switching system's versions of the conventional diode

gates of Fig. 3 are shown in Fig. 4(a). The resistor R on the conventional

OR gate has been included in the amplifier which always follows an OR
gate. The resistor RA of the conventional AND gate has been removed

and has been replaced by individual resistors on each OR input. These

V + !

o 14

V+

(a) c 1 H

—

AND GATE OR GATE

- #

(b)

v+!

V+!

X

^

X

i-*-X

Fig. 4— (a) Diode gates for central control; (b) interconnection pattern for

diode gates.
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individual resistors perform the same function as R A but automatically

give the correct equivalent resistance value for driving the load regard-

less of the degree of fanout. This is illustrated in Fig. 4(b). If a single

resistor RA were used, its value would necessarily be changed for different

numbers of loads on the AND gate in order to provide efficient amplifier

operation. The slight extra cost of the added resistors is more than com-

pensated for by the increased ease of design, the reduction in the number

of types of packages and the increased efficiency of the amplifiers.

The use of the individual OR input resistors also makes possible the

use of a very efficient decoupling gate. The necessity for such a gate can

be seen by considering Fig. 5(a). When two or more OR gate inputs are

activated from a common point, the input current which each load will

receive depends on the relative input impedances and threshold voltages

of these loads. For instance, if RA < RB and VA < VB , load A will re-

ceive most (or all) of the current from both input resistors A and B.

The use of the decoupling gate [see Fig. 5(b)] prevents the flow of current

between the input gate resistors A and B, and thus insures that each load

will get the total output current of its associated gate resistor regardless

of its input impedance or threshold voltage. The OR gate loads are al-

v+

jl̂^r

A vA

LOAD A

D VnWV--
LOAD B

!V +

V^

N
1

M

v+

r—

-

H J——

M

(b)

Ra Va

LOAD A

-AAA/--

LOAD B

Fig. 5— (a) Drive distribution problem; (b) use of decoupling gates.
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ways transistorized packages in the central contol. The use of the de-

coupling gate allows the design of low-input impedance transistor circuits

for maximum efficiency of operation and also allows the use of different

input thresholds if desirable.

From Fig. 4(b) it can be seen that AND gates can be used in series

without affecting the correct operation of the system. Also, OR gates

can be used in series if input resistors are used only on the first stage.

The use of gates in this fashion is often desirable to save diodes and is

permitted in the central control, although it increases the logic signal

voltage loss and, therefore, increases the voltage gain required of the

amplifier.

The operating currents and voltages for the circuits must be deter-

mined before a decision can be made on the maximum number of OR
inputs to be allowed. To be able to select operating currents and voltages,

it is necessary to make engineering estimates of the effects of these levels

on device and circuit reliability, operating speed and economy. In this

system, the characteristics of the transistors and diodes are quite in-

fluential in the selection of operating levels. The OR gate currents are

roughly 5 ma and the maximum transistor currents are 100 ma. The

maximum reverse voltages applied to devices are less than 20 volts for

diodes and well below the breakdown voltages for transistors. These

levels allow the devices to be operated well within their ratings to insure

long life. The resulting impedance levels are low enough to obtain suffi-

cient switching speeds and tolerable crosstalk levels.

A limit of 20 inputs has been placed on the OR gate. This is necessary

because the leakage currents through the diodes of all inactivated inputs

will subtract from the current supplied to the amplifier by the activated

(M-l) + (N - l) = 20

MAXIMUM NUMBER OF INPUTS = MN

Fig. 6 — Use of series OR gates to extend the number of inputs.
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input. By the use of OR gates in series, larger numbers of inputs can be

obtained without increasing the number of shunting diodes. An example

of how this can be done is shown in Fig. 6.

V. FACTORS IN THE DESIGN OK TRANSISTOR CIRCUITS

In the design of dc transistor amplifiers for logic circuits, it is conven-

ient to use the transistors as switches. By utilizing the nonlinear charac-

teristics of a transistor switch, many of the adverse effects of device

parameter variation on correct amplifier operation can be greatly re-

duced. Before proceeding with the description of the actual circuit de-

signs, some of the basic large signal properties of junction transistors

will be summarized.

The use of a transistor as a switch3
is illustrated in Fig. 7. From the

characteristic curves it can be seen that the transistor can operate in one

--.
vcc -.^

v . REGION HI vn^R
-

$WnS5^s

Fig. 7 — Transistor switch.
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Table III — Large-Signal Properties of Junction Transistors

Circuit

Current in

Region II

Current gain
Voltage gain
Inversion

Common Base

~= vBB

Ic — oil e T * co

No
Yes
No

Common Emitter

I — a \ « /

Yes
Yes
Yes

Common Collector

h: =
1
- (/ fl + /r«)

Yes
No
No

of three distinct regions. The region can be controlled by changing the

input signal applied to the base. In region I, both collector and emitter

junctions are reverse-biased and the transistor will be cut off, i.e., the

impedance from collector to emitter will be very high. In region II, the

active region, the emitter junction is forward-biased and the collector

junction is reverse-biased. In region III, both junctions are forward-

biased and the transistor switch will be closed. In this region the transis-

tor is said to be in saturation and the impedance from collector to emitter

will be very low.

The transistor switch described above is an example of the common

emitter configuration. In this configuration the transistor exhibits both

current and voltage gain and for this reason it is the most commonly

used connection. The common emitter connection also provides signal

inversion.

The general properties of the two other possible configurations are

shown in Table III. The direction of currents and the polarity of the

biasing voltages in Fig. 7 and Table III are for n-p-n transistors and

should be reversed when p-n-p transistors are being considered.

In the design of dc transistor circuits, it is often useful to know the

general relationships between the input voltage levels necessary to switch

ti transistor from cutoff to saturation and the resultant output voltage

levels. These characteristics for the three configurations are shown in

Fig. 8 for both n-p-n and p-n-p transistors. The waveforms represent the
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Veejl
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— 1
VEE

Vrr-X vcc

Vr !If—
1

v* T~
UL _l i_vEE

*

1

cotulMON :ollecTOR

Fig. 8 — Input-output voltage relationships of various junction transistor
configurations.

voltages which appear directly on the transistor terminals; Vr and Vr
are the reverse and forward biases on the base-emitter junction and V*
is the reverse bias voltage which will appear across the base-collector

junction if the transistor is not allowed to saturate. The usefulness of

these characteristics is illustrated in the design of the gate amplifier in

Section VI.

The switching speeds of transistors are important in nearly all applica-

tions, especially in the circuits for the central control. While these speeds

depend mainly on the transistor parameters, it is possible to maximize

them by suitable circuit design. Analytical studies of the switching times

of junction transistors have been made by Moll 4 and have been extended
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by Easlcy5 to include the effect of collector capacitance. The results of

these studies are quite useful in determining the relative effects of

transistor and circuit parameters on speed. The discussion here will be

limited to the common emitter configuration, but the results are quite

similar for all configurations.

The basic common emitter circuit analyzed by Moll and Easley is

shown in Fig. 9, together with waveforms illustrating the currents and

switching times of interest. Here, T is the rise time and 2'
2 is the fall

time. The delay caused by carrier storage if the transistor is allowed to

saturate, T x , will be discussed below in more detail. The maximum value

of the collector current, /C i , will be approximately equal to Vcc/Rl if

the transistor is driven into saturation.

The above-mentioned studies4
'
5 show the expression for the rise time

to be

_ 1 / l + UJi LCc\
h

f Im
(0

where

a = common base short-circuit current gain,

co„ = alpha cutoff frequency in radians/sec,

Cc
= collector junction depletion layer capacitance.

This equation is plotted in Fig. 10 to illustrate more graphically the ef-

i B(t)

Ibi

I B2
/

J

I r (t)

\o.iIc,

0.9lcJT~

hrl hr;HrT2 .

TIME, t

Fig. 9 — Transient behavior of common emitter junction transistor stage.
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48

o> Tt c

I B1 \

10

\5

3.3

2.5

2.0

0.88 0.92

a

Fig. 10 — Plot of equation (1).

fects of variations in device and circuit parameters. The quantity co t in

Fig. 10 represents the reciprocal of the effective time constant of the

circuit, i.e.,

Oil =
1 4- UaRLCc

" (2)

From Fig. 10, it can be seen that the rise time can be improved by in-

creasing cj ( and a and by decreasing the actual circuit gain, IC\/Ib\ •

Thus, given a specific transistor, the rise time can be improved by sacri-

ficing circuit gain and by operating the circuit at low enough impedance

levels to make Lo t ~coa .A further advantage of operating with low circuit

gain is that the rise time will be little affected by changes in a which

occur due to transistor aging. For circuit gains which are small compared

to the possible gain, (1) can be reduced to

To a* 0.9 -^Id
(1 + UcRlCc)

(3)
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Refs. 4 and 5 give the following expression for the fall time:

/,,-(
T4>

T
1 / I" <*aRl.Cc

[ — a
_0.1/n-( r^)/._

(4)

A plot of this equation would be quite similar to that in Fig. 10, where

the forward current gain Ici/Im is replaced by the reverse current gain

In

T 4-7 (1 " a)
'

a

Thus, the fall time can be improved in the same general way as the rise

time. For the case where the transistor is heavily overdriven, equal rise

and fall times are obtained when I,n and IB > are approximately equal.

When a transistor is operated in region III (saturation), more minority

carriers are present in certain regions of the transistor than the number

which must be present in these regions when the transistor is operated

in region II. Before the transistor can be switched from region III to

region II, these excess carriers must be removed. While they are being

removed the transistor will continue to operate in region III and the out-

put current will change only slightly. This effect, called storage, results

in a true delay between the time the input current is changed and the

time when the output current begins to respond. For transistors such as

those described in Section II, this delay may be as long as microseconds-

much too long to be tolerated in most circuits. Special antisaturating

circuits have been developed which prevent the transistor from saturat-

ing but still permit overdrive for fast rise and fall times. These techniques

are illustrated in Section VI.

VI. BASIC BUILDING-BLOCK CIRCUITS

In the earlier sections the philosophy of using as few types of circuits

as possible has been explained. The basic AND-OR diode circuits, which

constitute a large percentage of the total number of circuits used, have

already been discussed. The need for transistorized circuits to perform

the memory function and to provide gain was also established. In this

section transistor circuits will be discussed.

(i.i Gale Amplifier

The exact nature of the circuit used to provide the gain within the

logic is determined by requirements and limitations imposed by the
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type of logic and the parameters of the available transistors. The major

requirements of the amplifier are:

1. The amplifier must have sufficient current gain to satisfy the fan-

out occurring at most OR gates. To provide enough gain to satisfy the

worst case would be costly, since the number of large fanout points is

relatively small. An available gain of six is sufficient to satisfy approxi-

mately 85 per cent of the applications. This rather modest current gain

requirement can drive fanouts which appear much larger, as can be

understood by reference to Fig. 11. In Fig. 11 amplifier G is shown driv-

ing inputs to n AND gates which control, in turn, m OR gates (m being

greater than n). Since the amplifier shares the load of any AND gate

with all the other passive (low-voltage state) inputs, the load on G is

not equal to the sum of the currents in the AND gates. Therefore, where

large fanout situations arise, known functional relationships between the

inputs to the AND gates often make it possible to have effective fanouts

of much greater than six. The nature of the logic in the system favors

this condition.

AND GATES

G >

c>

OR GATES

^

Fig. 11 — Fanout from an amplifier.
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Table IV Properties of One- and Two-Stage cIc-Coupled

Amplifiers

Circuit Configuration

Amplifier Requirement One Stage Two Stages

CB CC CE CB-CB CB-CE CB-CC CE-CC CE-CE CC-CC

Current (lain

Voltage (lain

No Inversion
Voltage
"Straddling"

No
Yes
Yes
No

Yes
No
Yes
Yes

Yes
Yes
No
No

No
\r
es

Yes
Yes

Yes
Yes
No
Yes

Yes
Yes
Yes
Yes
(?)

Yes
Yes
No
No

Yes
Yes
Yes
Yes

Yes
No
Yes
Yes

CB = Common base
CE = Common emitter

CC = Common collector

2. The amplifier must have sufficient voltage gain to cancel the loss in

the AND and OR gates and thus re-establish voltage levels. The AND
gate diodes attenuate the passive-state signal level, while the OR gate

diodes attenuate the active-state signal level. For these reasons the

amplifier must provide gain about the center line of the dc input in both

the positive and negative directions. Thus, the output voltage levels

must "straddle" the input voltage levels.

3. The amplifier must be noninverting and dc-coupled.

4. The amplifier must be fast enough to allow the use of up to three

amplifiers in a series logic chain. For the transistors employed, this re-

quires nonsaturating, low-gain circuits.

In order to select the best circuit configuration to meet these require-

ments the properties of the three basic transistor configurations must be

considered. These were discussed in Section V. The relatively modest

current and voltage gain requirements of the amplifier make it evident

that no more than two transistor stages should be necessary. The per-

tinent dc properties of all possible configurations of one- and two-stage

amplifiers are listed in Table IV. From this table it may be seen that no

one-transistor configuration meets the dc requirements of the amplifier.

Of the two-transistor configurations only the common-base-common-

collector and the common-emitter-common-emitter combinations meet

all the requirements. A closer examination of the common-base-common-

collector configuration reveals that some sort of passive voltage-shifting

network would be necessary to meet the straddling requirement. In addi-

tion, in this configuration the common base transistor would have to

furnish all the voltage gain and the common collector all the current gain.

The two common emitter stages constitute the best configuration, since
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each provide both current and voltage amplification and the combina-

tion satisfies the remaining requirements. From Fig. 8 it can be seen that

one transistor must be an n-p-n and the other a p-n-p to obtain voltage

straddling. Since the signal is inverted in each stage, the two transistors

will be either both ON or both OFF. An input to the first transistor of a

polarity to turn it OX, for example, will, when inverted, turn ON the

second stage of the amplifier.

The only decision remaining in determining the configuration is to

establish the order in which the transistors should appear. The diode

logic demands that the amplifier output provide a current path to ap-

proximately ground potential in the passive state and a high impedance

in the active state. Two possible types of amplifiers exist, corresponding

to the two possible methods of connecting the transistors. In the positive

logic system, placing the n-p-n first and the p-n-p second leads to a

"make" type amplifier; the reverse order produces a "break" type ampli-

fier. These two types are shown symbolically in Fig. 12, along with the

corresponding transistor circuit configurations which realize them. In

the break amplifier both transistors would be ON in the passive state

SYMBOLIC

V+6 6V- 6VEE

BREAK AMPLIFIER

Fi^. 12 — Possible amplifier configurations.
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and OFF in the active state. The conditions would be reversed in the

case of the make amplifier.

The choice between the two basic types of logic amplifiers above is not

a simple one. The few apparent advantages of one over the other almost

vanish when detailed final designs are approached. For example, the

make amplifier appears much less efficient. In addition to supplying the

full passive load current in the resistor to — V at the output of the ampli-

fier it must supply enough extra current to raise the output voltage to

the active signal level. However, the need for dummy loading the break

amplifier to compensate for stray wiring capacity in the system, as will

be discussed below, almost nullifies this apparent advantage.

The decision as to which amplifier to choose must rest upon more

subtle differences. The more important of these, leading to the choice

of the break-type amplifier, are:

1. To stabilize the passive voltage level at the output of the make

amplifier a diode clamp is required. This is a factor in reliability and

introduces delay, since the current in the clamping diode must be re-

placed by current from the amplifier before any change in output voltage

can occur during a transition from the passive to the active condition.

2. The make amplifier has a definite maximum current capacity and

must switch this amount regardless of the load. (The diode clamp com-

pensates for varying load conditions.) This necessitates an exact calcu-

lation of the maximum load on a particular amplifier. No such limitation

exists in the case of the break amplifier, as will be developed later.

In addition to meeting the initial requirements in the system, the gate

amplifier must have sufficient margin to function reliably as the com-

ponents age. The most critical components in the circuit, and those for

which the least aging information is presently available, are the tran-

sistors and diodes. A brief summary of the expected behavior of the most

significant parameters is given below:

Transistors

1. Frequency cutoff of a, (/«): This parameter is related almost ex-

clusively to the internal geometry of the transistor and the physical

constants related to transistor action. Therefore, no significant change

should occur.

2. Transistor a: Experience has shown that a tends to age downward

initially after which time it stabilizes. In all the designs an a of 0.94 was

assumed as a reasonable minimum.

3. Transistor saturation current, 7™ : Almost without exception, I,-n
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in transistors ages upward. In circuits which are sensitive to this param-

eter a maximum of 200 microamperes was assumed.

Diodes

1. Diode forward voltage drop: Previous experience with germanium
point-contact diodes similar to those to be used in the system indicates

little or no change with time.

2. Diode reverse leakage current: Diode reverse current behaves simi-

larly to Ico in transistors except that its behavior is somewhat dependent

upon the voltage at which it is measured. At low voltages (5 volts or

less) it often ages downward. At higher voltages the trend is upward.

Fig. 13 — Nonsatuniting amplifier.

In the discussion of the AND and OR gates in Section IV the current

level in OR gates was stated as approximately 5 ma. In the passive state

this current is shunted through one or more AND gates by one of the

several types of amplifiers in the system. In the active state the shunt

path through the AND gates is interrupted by the amplifier going OFF.
Under this condition the OR gate current drives forward to turn OFF
the succeeding amplifier stage. To operate properly the amplifier must,

therefore, have an input voltage threshold higher than the total voltage

drop in the AND gates preceding the OR gate plus any drop in the

preceding amplifier in its passive state. From these considerations, the

input threshold of the amplifier has been set at +6.5 volts. Having al-

ready established the output of the amplifier to be approximately ground

in the passive state, we can choose the other voltages to provide the de-

sired impedance level and current drives.

In Fig. 13 the break amplifier is redrawn with some complexity added



SEMICONDUCTOR CENTRAL CONTROL OF ESS 11-47

to prevent the transistors from saturating and to establish the proper

threshold. With no input to the amplifier (the input OR gate shunted

down) the amplifier must assume its passive condition (both transistors

ON). This requires that Vbe be greater than the +6.5 volts which estab-

lishes the input threshold. The output current of Qi and thus the drive

to Q< , will be approximately

Vmm ~ 6.5

This current can be set by considering the input drive available and the

required output current. Since the input must rise above Vbe in the

active state to turn off Qi , the quantity (7n - 6.5) should be kept

small. This leads to the choice of VKK = +8 volts in the system.

In order to establish the internal current drives of the amplifier, the

actual transistor gains must be calculated. The 5 ma current level in

the OR gate is not all available to turn OFF the first transistor, Qx .

When the drive is removed from the input, the amplifier must return to

its passive condition. Since both the active and passive states are equally

important in the dc double-rail logic, this transition must be as fast as

the transition from passive to active. A bias current drive is provided

to establish the passive state when the input drive is removed. This bias

reduces the forward drive when the amplifier is driven active. For equal

turn-on and turn-off times, the bias current must be approximately one-

half the input drive. This situation exists in both stages of the amplifier

and, by itself, requires the combined transistor gain to be four times the

apparent terminal gain of the amplifier.

Because of the large physical size of the central control, an amplifier

often must drive loads located a considerable distance away from it.

Stray capacity on these leads delays the transition from the passive to

the active state. This effect can be reduced by the addition of ft 5 Cur-

rent in this dummy load is available to charge stray capacity at the

expense of demanding more gain from the amplifier. A dummy-load

current of 8 ma was chosen as a reasonable compromise. The dummy

load also provides a well-defined active voltage level at the output of

the amplifier.

By taking into account the current transfer loss of OR gates, the

leakage currents of idle OR inputs and the dummy load, the combined

transistor gain must be nearly 60 to realize the necessary terminal gain

of six. This is accomplished by assigning a transistor gain of approxi-

mately 7.5 per stage, making the switching speeds relatively independ-

ent of a over the design range. (See Fig. 10).
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By combining the information outlined above, the current level in

R4 can. be set as (7out mnx/7.5) = 5 ma. This requires approximately 10

ma from Qi and a bias current to Qi of (10/7.5) = 1.3 ma. From these

basically simple considerations, the resistors lt\ , Ri and Ri can be speci-

fied in terms of — V. The magnitude of — V can be set by considering

the breakdown voltage ratings of the transistors and the current transfer

efficiency in Ri and J? 4 . A value of —4.5 volts was selected.

The remaining components of the amplifier of Fig. 13 are D2 , D A , D 4

and R-i . Diodes Di and Z) 4 limit the voltage swings at the transistor in-

puts and reduce the effect of collector capacity by lowering the transient

Fig. 14 — Gate amplifier.

base impedances. Resistor Ri and diode D 3 combine to prevent saturation

in transistor Q> . Having established the currents in Qi , ^4 and Qi ,

and knowing the range of values of a and I Co in Qi , we can determine

the currents in Ra and D3 under all conditions. If Rs is chosen so that

its voltage drop is always greater than the voltage across Z)
;i
when Q2

is ON, Qn will never saturate. The advantage of this method of prevent-

ing saturation is that diode D A shunts the excess drive to Qi only after

the output voltage has completed its transition to the passive state.

The final design of the amplifier is shown in Fig. 14. It differs from the

previous drawing, Fig. 13, in the addition of capacitors (\ and ('> and

resistors /?i and Rj . The capacitors f'i and Ci do not affect the dc condi-

tions but do improve the transient response. In particular, the delay in

the amplifier is reduced.

Resistor Ri and diode D
x
constitute a single input OR gate. This
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allows the gate amplifier to be driven by AND gates if desired. An option

is also provided at the output of the amplifier for connecting loads to the

collector of Q2 directly or through 7? 7 . Loads drawn through R7 cause

the voltage at the output to increase with load. Thus, if amplifiers are

sharing a load (as in the case of AND gates), the load currents of the

individual amplifiers will tend to equalize. This is an essential condition

for realizing large fanouts, as was explained in conjunction with Fig. 11.

One of the advantages claimed for the break-type amplifier should be

noted. Depending upon the a's of the transistors and the delay which

can be tolerated in a particular logic chain, an amplifier may carry con-

siderably more current than the design maximum of 30 ma. In engineer-

ing the logic of the central control, it becomes quite difficult to estimate

the load current of each amplifier under all conditions of fanout. The

break-type amplifier has margin for error when circuits are engineered

to the design limit. This margin can also be of importance in locating a

faulty amplifier under trouble conditions. Because of load-sharing be-

tween amplifiers, the failure of one causes the load on associated ampli-

fiers to increase. If the associated amplifiers are capable of absorbing

this added current, the trouble condition can be traced to the particular

faulty amplifier. Amplifiers of the make type, however, by virtue of their

inability to absorb current above a designed maximum, could indicate

multiple troubles where only one actually existed.

G.2 Flip-Flop and Associated Circuits

The transistorized memory element of the central control must meet

requirements which cannot be stated as explicitly as were those of the

gate amplifier. The requirements can be generally stated as:

1. Stability: The flip-flop must maintain its bistability under all con-

ditions of load, temperature and voltage encountered.

2. Compatibility: The flip-flop must trigger from pulses readily

available in the system, must not respond to noise in the system and

must be capable of driving into the standard dc double-rail diode logic.

The configuration of the transistorized flip-flop differs only slightly

from the conventional Eccles-.Iordan type. The development of the

design is similar to that of the gate amplifier and the same considerations

regarding gain, speed, etc., also apply. For this reason, the details of

design will not be considered. Instead, emphasis will be placed upon

how the flip-flop fits into the general system and upon some of its major

characteristics.

The flip-flop used in the electronic switching system is basically a

four-transistor circuit, The dc bistability is provided by two of the tran-
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sistors, which are combined on a single package designated the flip-flop.

The other transistors comprise two single-stage amplifiers which afford

buffering between the 1 and outputs of the flip-flop and the external

dc logic that the composite flip-flop must drive. These amplifiers are

designated the flip-flop to gate amplifiers. Special buffer amplifiers are

provided for the cases where the flip-flop does not drive diode logic. All

the amplifiers clamp the flip-flop output, this being essential in prevent-

ing saturation.

Fig. 15 shows the details of the flip-flop, with the buffer amplifiers

simulated by resistor-diode clamps to ground. We shall consider the more

important features of the circuit in turn.

The use of separate terminals to introduce the collector supply voltage

(—16 volts) provides a method of predetermining the state a flip-flop

will assume when power is applied. By connecting the terminals to

separate supply buses and momentarily connecting one to +16 volts

and then to the normal —16 volts, the system will assume the state

represented by the wiring pattern.

The degeneration produced by the common emitter resistor stabilizes

the voltage at the emitter node and the output current of the OX tran-

sistor. This voltage stabilization of the emitters (and therefore of the

base of the ON transistor), combined with the clamping action of the

amplifiers in the collector circuit of the ON transistor, prevents satura-

g. 15 — Flip-flop with simulated amplifier loads.
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tion in the (lip-flop. The voltage and current levels are designed to pro-

vide the same input voltage threshold as in the gate amplifier. By de-

signing the output current to equal that of Qi in the gate amplifier, it

was possible to make the flip-flop to gate amplifier essentially the same

as the output stage of the amplifier of Fig. 14. Thus, when viewed from

its terminals, the flip-flop and its amplifiers together are exactly equiva-

lent to the gate amplifier insofar as dc conditions are concerned.

Fig. 15 shows the use of standard OR gates for triggering. To pre-

vent race conditions from occurring in the system, all inputs to the flip-

flop are gated by the master clock. This requires that a clock signal be an

input on all AND gates preceding OR gates driving a flip-flop. A single-

input OR gate is provided on each side of the flip-flop to allow driving

from AND gates if desired.

Another feature of the flip-flop is the use of diodes between the bases

and emitters of the transistors. These diodes limit the reverse bias on

the transistors to a fraction of a volt, clamp the driving OR gate output

and, most important, lower the transient impedance in the base circuit.

The lower base impedance reduces the effect of collector capacity and

improves triggering sensitivity.

The circuits of the two buffer amplifiers are shown in Fig. 10. The

amplifier used to drive logic gates, the flip-flop to gate amplifier, needs

no explanation since it is almost identical to the output stage of the gate

amplifier previously described. The flip-flop to relay amplifier is designed

to drive the highly inductive loads of wire-spring relays. The transistors

are allowed to saturate in this circuit because of the slow speeds involved.

OUTPUT

Fig. 1G — Flip-flop InifTer amplifiers: (a) flip-flop to gate; (b) flip-flop to relay.
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+ 16

Fig. 17 — Emitter follower circuit.

0.3 Emitter Follower

In an earlier section, it was stated that the gate amplifier and the

flip-flop to gate amplifier were not designed to have sufficient current

gain to satisfy the points of largest fanout in the system. A special pack-

age, the emitter follower, is provided to supply this extra gain. One gate

amplifier can drive a maximum of four emitter followers in parallel.

For even greater fanouts, emitter followers can be cascaded. The inclu-

sion of an emitter follower adds almost no delay to a logic chain. The
circuit of the emitter follower is shown in Fig. 17.

G.4 Inverter Amplifier

An additional circuit, shown in Fig. 18, which saves equipment in

many applications in the system is the inverter amplifier. The terminal

conditions of the inverter amplifier are similar to those of the gate

amplifier except for the logical inversion and a lower load capability.

OUTPUT

INPUT

DZ,

GND -4.5 + 1.5 +16

Fig. 18 — Inverter circuit.
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The circuit is similar to the first stage of the gate amplifier, except for

the use of an n-p-n transistor and different voltage levels. A Zener diode,

DZi , raises the input voltage threshold to the same level as that of the

other transistor circuits. Diode D2 clamps the output of transistor Q x to

prevent saturation.

6.5 Cable Pulser

The need for the central control to communicate with the electron

tube circuits in other parts of the system requires special buffering

amplifiers for transmitting high-speed signals over coaxial cable. These

signals originate from OR gates in the central control. In addition to

driving the cable, the OR gates must activate local flip-flops in the

central control to retain a record of the information transmitted. The

OR gate neither has sufficient current output to perform these two func-

tions nor is its impedance compatible with that of the cable. The cable

pulser circuit shown in Fig. 19 provides the required gain and achieves

compatibility between the units.

The cable pulser is a two-stage amplifier. The first stage is a common

collector configuration which provides sufficient current gain to drive

a flip-flop and the second stage of the cable pulser. The second stage is a

common emitter configuration which provides voltage and current gain

to drive the cable. The output is coupled to the cable through an imped-

ance-matching transformer. The input to the cable pulser is gated by

the master clock.

6.6 Special Circuits

Although every attempt has been made to minimize the number of

types of packages in the system, in some cases the use of special packages

to f/f

Ci

R4 >

+ 22 +6.5 -16 +8 -16

Fig. 19 — Cable pulser circuit.

TO CABLE
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is economically justifiable. In this system these special packages take

the form of modifying networks which are used in conjunction with

standard packages to realize special circuit functions. The circuits are

shown in Fig. 20.

6.6.1. Feedback Network

Monostable flip-flops are required for timing applications in the sys-

tem. This need has been satisfied by the design of a simple feedback

network for use with the standard gate amplifier, consisting simply of a

resistor and a capacitor in series. When connected between the output

and input of a gate amplifier, the network provides positive feedback

for a time determined by the values of the resistor and capacitor. The
purpose of the extra resistor in the feedback network is to provide a

voltage step at the output of the amplifier at the beginning of the timing

cycle. If the load on the circuit is coupled through an AND gate, this

step is sufficient to decouple the load during the timing cycle and, there-

fore, make the timing independent of load.

G.6.2. Pulsc-Shortcm?ig Network

Occasionally the need arises in the system to derive a narrow (approxi-

mately 1 -microsecond) pulse from the output of one of the standard

amplifiers. This has been accomplished by a simple network consisting

essentially of a shorted 0.5-microsecond delay line which can be con-

nected to the output of an amplifier. As shown in Fig. 20(b), a resistance

divider network is needed to derive a clamping voltage level approxi-

mately 2 volts above ground to prevent saturating the driving amplifier.

FEEDBACK NETWORK
1

1
c
If

R 1

1

1

1

l

INPUT

INPUT FROM
AMPLIFIER

C IN ^ F = PULSE WIDTH
(PULSE WIDTH IN MILLISEC)

(a) (b)

Fig. 20 — Special network circuits: (a) mono-stable feedback network; (b)

pulse-shortening network.
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The resistor J?i and inductor L\ provide a current step to the network,

thus giving :i better-shaped pulse in the output.

VII. MECHANICAL DESIGN

In the semiconductor circuitry of the electronic switching system, a

modular approach to mechanical design is used. This is in keeping with

the universal building block approach to obtain economy in both manu-

facture and in the number of spare packages required in the telephone

central office. It is also consistent with the marginal and diagnostic

trouble-detecting techniques developed for the system, whereby faulty

equipment, can be easily replaced.

The semiconductor circuits used in this model of the electronic switch-

ing system are placed on printed wire boards. A board may contain one

or more circuits, depending on the degree of complexity and the num-

ber of components employed in the individual circuits. Fig. 21 illustrates

the basic board assemblies. On both sides of the transistor end of the

board (and only on those boards containing transistors) is a series of

terminals designated shorting plug terminations. These are provided

so that the transistors may be tested, external to the circuit environ-

ment, without unsoldering any leads or physically disturbing the tran-

sistor in any way. In normal use the transistor is connected into the

Fig. 21 — Printed circuit boards and components.
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•

Fig. 22 — Printed board, shorting shoe and connector.

Fig. 23 — Coded connector for semiconductor package.

circuit by means of a shorting plug. Fig. 22 illustrates the use of the

shorting plug and also shows the board terminations and connector. One
can also see in Fig. 22 that each card assembly is coded on a 3-slot-out-

of-a-possible-11 basis. The connector is similarly coded with barriers or

teeth so that one particular type of card will fit into a companion coded
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Fig. 25 — Equipment unit (front).

connector. This will prevent improper interchange of packages during

assembly or maintenance.

As shown in Fig. 21, each component is fastened over the edge of the

card by a clinch which mechanically holds it in position. A subsequent

solder dip secures the mechanical clinch and at the same time makes the

electrical connection to the printed wire circuit. The component lead
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makes an edge connection from one side of the board to the other if this

is required. This method of mounting the components lends itself to low-

cost automatic manufacturing techniques.

The connector shown in Fig. 22 is a reliable contact connector that

can be produced and assembled by automatic or semi-automatic ma-

chinery. It is held together by spring clips, which also hold the connector

in the mounting plate. Fig. 23 shows the connector and its component

parts in more detail.

Fig. 24 is a portion of a circuit schematic showing the use of AND and

OR gates, amplifiers and flip-flops. Circuitry of this type is developed

into equipment as shown in Fig. 25. The gates, amplifiers and flip-flops

are arranged for ease of maintenance, ease of manufacture and for proper

circuit operation. In this equipment connectors are placed in the mount-

ing plates and the mounting plates are arranged in groups and wired.

The printed wire board assemblies are plugged into the connectors. The

fronts of the boards are supported and aligned by means of a bar ar-

> •*•»• 8 ^—" a«-^' °-—«• •«

Fig. 26 — Equipment unit (rear).
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ranged across the front of the framework, with the front edge of this bar

also serving as a designation strip. Fig. 26 shows the rear of the equip-

ment. Solderless wrapped connections are used exclusively, and the

equipment can be automatically wired by programmed solderless wiring

machines.

VIII. CONCLUSION

The philosophy of semiconductor circuit design for the central control

of an electronic switching system has been described. The primary em-

phasis in the design has been on low cost consistent with good margins,

reliability and the meeting of all systems requirements.

The general-purpose nature of the building blocks affords great

flexibility to the logic designer in implementing complex system func-

tions. The ability of the circuits to handle widely varying loads allows

the system to be engineered quite simply. An effort has been made to

minimize the number of package types consistent with the many differ-

ent functions to be performed. This results in economy in manufacture

and maintenance.

The use of antisaturating low-gain circuits, clamping techniques and

careful equipment design has resulted in operating speeds sufficient for

the desired rate of information processing. Throughout the designs, gen-

erous allowances have been made for aging and variations in device and

component parameters to assure high reliability consistent with economy.

It is too early to give an accurate evaluation of the true reliability of the

circuits, since this can only be obtained by relatively long field experi-

ence. However, present indications are that these circuits will result in a

system furnishing service at least comparable with present-day electro-

mechanical systems.
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